The distribution of phospholipid ester-linked fatty acids (PLFA) in sediments of eutrophic bays (Hiroshima Bay and Aki Nada) was studied to quantify the microbial biomass, community structure, and nutritional status.
The accurate determination of microbial biomass in sediments poses many problems. Changes in the structure and functional relationships in the microbial community of sediments have proven to be difficult to measure without distorting the in situ microbial population (4) . Several techniques have been used to enumerate and identify bacterial types present in marine sediments, but all suffer from various limitations. Culture techniques using selective media also have their own limitations, and the results can distort and underestimate the in situ population. Epifluorescence microscopic analysis of the sediment can provide data on bacterial distribution, but it involves various disruptive techniques for the separation of microbes from sediments (9) and, also, the stripping process is supposed to be selective and is often not quantitative (43) . Furthermore, microscopic analyses of the sediment provide little information on the types of organisms present.
To overcome these difficulties, methods involving biochemical components as biomarkers were proposed to identify and quantify the viable biomass in sediments. Microbial biomarkers which can be analyzed directly from environmental samples provide an alternative to enrichment methods for the in situ study of indigenous bacterial populations. polluted because of excessive growth of phytoplankton and not because of direct organic loadings from land. Microorganisms play a vital role in the mineralization of organic matter contributed by plankton. A diverse mixture of both aerobic and anaerobic bacteria is involved in the degradation of organic matter and cycling of nutrients in the aquatic environment. However, the information available on these microbial communities is rather limited. Hence, the present study was carried out to determine the distribution of bacterial biomass and community structure in the present study area, where the problems of eutrophication and organic pollution are acute. The distribution of microbial biomass and its community structure are also discussed in relation to the environmental parameters monitored in the study area.
MATERIALS AND METHODS
Study area and sample collection. Hiroshima Bay is a semiclosed bay located in the western part of the Seto Inland Sea (Fig. 1) ; it has an area of about 900 km2 and a mean depth of 24 m. This bay is approximately 30 km wide from east to west and 50 km long from north to south and reaches 41 m at its deepest point. This bay is one of the most polluted bays in the Inland Sea of Japan because of eutrophication. The presence of many islands near the mouth of the bay prevents water movement, and stagnation prevails in the bay. In summer, oxygen depletion in the bottom water and absence of a detectable oxidized layer in sediment were observed. The bay adjacent to Hiroshima Bay on the eastern side is called Aki Nada (Fig. 1) , which is also reported to be polluted. The sediment of the present study area is mainly composed of silty clay, with a median grain size of less than 1.7 ,um (21) . Sixteen sampling stations were selected in Hiroshima Bay (HO-1 to , and four stations were selected in Aki Nada (0-3a to 0-6) for the purposes of the present study. About Environmental parameters. An STD monitor (Alec 1000; Alec Co., Kobe, Japan) was employed to monitor the salinity, temperature, and density (sigma 't') in the water column. The dissolved oxygen concentration was estimated as previously described (37) , and the mud temperature was measured by using a thermometer. Eh and pH of the sediment were determined with an ORP meter (RM 1; Toa Electronics Ltd., Tokyo, Japan) and a pH meter (pH S-33; Fujiwara Seisakusho, Tokyo, Japan), respectively. The sulfide concentration in sediments was estimated as previously described (22) .
Lipid extraction. Freeze-dried sediment samples were solvent extracted by using the modified method of Bligh and Dyer as described by Baird and White (2) (27) . VOL. 58, 1992 564 RAJENDRAN ET AL. (26) .
RESULTS
On the basis of the vertical stability of the water column in summer, the present study area was divided into the coastal area of Hiroshima Bay, the southern region of Hiroshima Bay, and the adjacent bay. The environmental characteristics of the study area are shown in Table 1 . The depth of the sampling stations varied from 11 to 47 m. A normal pattern of high saline and low thermal conditions was observed in the study area. The temperature and density (sigma 't') of the surface-and bottom-water samples did not show marked variations, whereas the salinity of the bottom-water samples was comparatively higher than that of the surface-water samples in Hiroshima Bay and no such difference in salinity was observed in Aki Nada. The percentage saturation of dissolved oxygen in surface water varied from 89.2 to 136.4%, whereas, in bottom water, it ranged from 29.8 to 88.1%, indicating that the oxygen saturation in the bottom water was low. The observed variations in density, temperature, and salinity between surface-and bottom-water samples of the study area were small, indicating the virtual absence of any water movement. The mud temperature ranged from 23.4 to 25.5°C, and the pH varied from 7.28 to 7.64. These values did not show much variation among the stations. Eh values showed wide variation in the study area, ranging from -130 to +250. Higher values of hydrogen sulfide were determined in the sediments of stations in Hiroshima Bay than in those in Aki Nada, and the values ranged from 0.01 to 1.59 mg of S per g of sediment. The sediment samples were black, silty mud with an odor of hydrogen sulfide.
PLFA composition. The percent distribution of PLFA in the study area is shown in Table 2 and includes saturated fatty acids (C12 to C24), branched fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids (Table 3) determined in all of the samples. The fatty acids in the range of C12 to C19 are reported to be bacterial in origin. In the range of C12 to C19, branched and monounsaturated fatty acids were present in higher percentages than even-numbered saturated fatty acids (Table 3) . Low percentages of odd-numbered saturated fatty acids were present in all of the samples. Monounsaturated fatty acids longer than 20 carbon atoms and polyunsaturated fatty acids were also determined to be present in small quantities. Longer-chain fatty acids with more than 20 carbon atoms were determined to be present in low percentages, indicating small input from a terrestrial source. The saturated fatty acids 16:0, 14:0, and 18:0 were present in high percentages. The iso, anteiso, and methyl branching fatty acids were determined to be present in sediment samples. The monounsaturated fatty acids with chain lengths shorter than 20 were in the range of C14 to C18, and the cis isomer of 16:1d9 was present in higher percentages than the trans isomer ( Table 2 ). In general, the number of fatty acids present in the sediment of the study area showed variation, indicating the differences in the lipidcontributing communities.
To determine the similarity in the composition of PLFA in sediments in the study area, which is reported to be characteristic for different bacteria, a similarity analysis was performed. The results of cluster analysis of PLFA composition are shown in Fig. 2 . Six clusters were obtained, and the PLFA compositions were similar at the 70% level. Clusters 1 and 2 are present in the coastal area of Hiroshima Bay, clusters 4 and 5 are present in southern Hiroshima Bay, and clusters 3 and 6 are present in Aki Nada (Fig. 3) . The clusters obtained in the present study revealed the differences in the PLFA compositions and, in turn, indicated the differences in the microbial communities present in the study area.
To find the difference in the relative proportions of PLFA of stations grouped in cluster 2 with stations grouped in other clusters, Tukey's honestly significant difference test was performed and the results are shown in Table 4 . The results illustrate the difference between the community structures of these two areas. CA refers to stations in the coastal area (cluster 2), and OA refers to stations in other areas (clusters other than cluster 2). Of the 40 fatty acids tested, 16 (Table 4) .
Biomass. The PLFA content in sediment samples showed marked variation, ranging from 0.26 (0-6) to 3.79 ,ug/g (dry weight) of sediment ( Table 5 ). The variation in PLFA content of sediment samples was in conformity with the clusters obtained. The PLFA content in sediments of stations grouped in cluster 2 was higher than that measured in stations grouped in other clusters ( Table 5 ). The PLFA content was generally lower in Aki Nada than in Hiroshima Bay. Microbial biomass calculated by using the conversion factor in the present investigation revealed that the bacterial biomass in sediments ranged between 0.1 x 108 cells per g (dry weight) at 0-6 and 1.7 x 108 cells per g (dry weight) at (Table 5 ). The calculated biomass seems to decrease with distance from the coast, and wide variation among the stations was also evident. The microbial biomass was higher in stations of cluster 2 than in the other stations grouped into other clusters. In Table 5 , the ratios of branched fatty acids and monounsaturated fatty acids, the ratios of iso and anteiso fatty acids of 15:0 to 16:0, and the ratios of trans to cis of 16:1d9 are also illustrated.
DISCUSSION
Of 63 PLFA identified in the sediments of Hiroshima Bay and Aki Nada, most of the fatty acids are considered to be of bacterial origin. Fatty acids in the range of C12 to C19 are reported to be characteristic of bacteria (25) . A number of investigations have revealed that branched fatty acids, monounsaturated fatty acids, cyclopropyl fatty acids, and certain saturated fatty acids present in sediments are definitely contributed by the in situ bacterial populations (14, 32, 40, 45) . High percentages of 16:0 fatty acids (15 to 22% of the total PLFA), which are ubiquitously present in most organisms, were determined in all sediment samples. Other saturated straight-chain fatty acids which are known to be present in both prokaryotes and eukaryotes were also detected in significant amounts. In all samples, odd-numbered fatty acids were detected in low percentages ( Table 3) .
The branched fatty acids are commonly encountered in bacterial lipids, and similar ranges of fatty acids were identified in the sediment and bacterial cultures. Branched fatty acids are reported as biomarkers in bacteria (39, 41) , anaerobic bacteria (17, 23) , and the sulfate-reducing bacteria (SRB) Desulfovibrio spp. (5, 6, 11). The 10Mel6:0 fatty acid is a signature fatty acid for the SRB Desulfobacter spp. (10, 35) and is not detected in other SRB; approximately 27% of the total PLFA of the bacteria was reported to be this fatty acid (10) . These acids are generally found in higher concentrations in bacteria than in other organisms, making them useful indicators of bacterial lipid contribution. The relative proportions of these branched fatty acids in sediments of the present study area reveal the contribution of anaerobic bacteria and SRB to sediments. The occurrence of SRB and the seasonal variation of both heterotrophic bacteria and SRB in sediments of Hiroshima Bay have been observed (29a) . These results showed that higher numbers of SRB were distributed in coastal sediments than in other parts of the bay, and they were in the range of 101 (southern Hiroshima Bay) to 104 (coastal area of Hiroshima Bay). The above results of microbiological investigation also support the finding of the biomarker fatty acids of anaerobic bacteria in the present study, i.e., that anaerobic bacteria, especially SRB, were widely distributed in the sediments. In addition to the organic pollution, the environmental conditions of the study area confirm the existence of reduced conditions in the bays, which explains the presence of SRB.
The presence of monounsaturated fatty acids in sediments suggests the dominance of prokaryotic organisms in the sediment of the present study area (Table 2) . Information on the presence of these fatty acids in bacteria has been available (31, 32) , and the bacterial contribution of these fatty acids has also been reported for marine sediments (15, 31, 32) . The unsaturated fatty acids in the range of C12 to C19 are indicative of gram-negative bacteria (24, 31) . It has been reported that monoenoic fatty acids 16:ld9 and 18:ld9, which occur in bacterial cultures, can also be contributed by microalgae (12, 14) . However, low percentages (1 to 8%) of polyunsaturated fatty acids (18:2, 20:4, 20:5) , which are characteristic of microeukaryotes (4, 12, 41) , suggest that the contribution of microeukaryotes is minor in the present study area. An estimation of the bacterial contribution to the sediment on the basis of the presence of unsaturated fatty acids and low percentages of polyunsaturated fatty acids supports the view that bacteria are the predominant contrib- . utor of fatty acids to the sediment and the predominant source of monounsaturated fatty acids in these sediments. In mangrove-associated sediments, the presence of high percentages of these acids was attributed to microalgae and higher-order plants (14) . The difference in the relative proportions of branched and monounsaturated fatty acids in sediments which are reported to be marker acids for grampositive and gram-negative bacteria suggests the difference in the origins of these acids (Table 3) .
Cyclopropyl fatty acids (C17 and C19) have also been proposed as bacterial signatures in sediments (2, 8, 32) and have been reported as major constituents in a large number of gram-negative bacteria (24) and Desulfobacter spp. (10), but are rare in eukaryotes. The results of Parkes and Taylor (31) suggest that cyclopropyl fatty acids are characteristic of aerobic sediment bacteria, and this was supported by the presence of high concentrations of cyclopropyl fatty acids in oxidized sediment surface layers and the decrease of these concentrations with increasing depth as anaerobic conditions prevailed. The observations of Parkes and Taylor (31) also suggested that cyclopropyl fatty acids are more indicative of aerobic bacteria than of anaerobic bacteria. The environmental characteristics of the study area revealed that the sediments are subject to less physical disturbance by currents, resulting in greater vertical stability, which favors the formation of microniches of anaerobic conditions. From the small amounts of these fatty acids in sediment of the present study area, it could be inferred that there is a shift in the microbial community structure from aerobic to anaerobic bacteria.
One of the characteristic features of the sediment samples analyzed in the present study, in comparison to estuarine and abyssal marine sediments (1, 44, 45) , was the relatively low percentage of polyunsaturated fatty acids longer than 19 carbon atoms in the PLFA profiles. A plausible cause of the relatively low quantities of these biomarker acids in the present study area could be the existing environmental conditions and the extent of organic pollution in the study area. An Eh value of +100 mV or higher indicates that oxidizing conditions prevail (16) . Variation in the Eh values from + 100 to -130 mV except at station 0-3a revealed that the sediments were in a reduced condition. At this redox level, the presence of sulfide in sediments supports the mineralization of organic matter by sulfate reduction. Dissolved oxygen is present in the bottom water (2 m above the sediment) but at low concentrations, and, at the sedimentwater interface, the dissolved oxygen concentration must be lower than that in the bottom water. As observed by Findlay et al. (13) , the reduced availability of oxygen in sediments may cause the loss of microeukaryotic biomass, the decrease in aerobic bacteria, and the increase in anaerobic bacteria and SRB. Survival of microeukaryotes might be restricted in polluted bays like Hiroshima Bay, which is one of the heavily polluted bays in the Seto Inland Sea. The results of the present study are in agreement with the results of Smith et al. (36) , who reported a relative lack of polyenoic fatty acids longer than 19 carbon atoms in organically contaminated sediments. Low percentages of these acids in coastal sediments were attributed to the organic pollution and the prevailing anoxic conditions (32a) . Low percentages of longchain fatty acids in sediments, which are known to be contributed to the sediment by terrigenous input, indicate that the terrestrial contribution in the present study area is minor. In the study area, the land-based organic matter is considerably lower than that contributed by primary production (34). of C14 to C16), and SRB and other anaerobic bacteria (saturated and branched fatty acids in the range of C16 to Cl9). The presence of these fatty acids in the present study area (Table 3 ) also results in the inference that all four of these functional groups of microorganisms are present in sediments in different proportions.
The calculated biomass was found to be higher in coastal sediments of Hiroshima Bay than the sediments of the southern region of Hiroshima Bay and the adjacent Aki Nada (Fig. 4) , where the bacterial biomass was less than 0.5 x 108 cells per g (dry weight) of sediment. A similar observation on fatty acid composition was reported for coastal sediments (32a) . Microbiological studies in the Seto Inland Sea also indicated that the densities of heterotrophic bacteria decreased as the distance from the coast increased (38) . Station 2, located in the CA, contained a low amount of biomass, which may be due to the tidal current flow in the narrow passage between the islands. It has been reported that calculated values of bacterial biomass based on PLFA may underestimate the actual number of cells if the cells present are smaller than E. coli cells (2) . However, the results of microcomputer-assisted image analysis of the bacterial cells in the sediments of Ohmi Bay, which is located on the western side of Hiroshima Bay, showed that more than 95% of the bacteria are in the size (equivalent spherical diameter) range of 0.4 to 1.0 ,um (20) , and the results of the present study are also in agreement with epifluorescence direct counts of the bacteria in Ohmi Bay (20) .
The microbial community structure of the study area showed wide variation, as characterized by the relative proportions of fatty acids, and this pattern is evidenced by the results of cluster analysis. Cluster 1 contains high amounts of branched fatty acids and lesser amounts of monounsaturated and straight-chain fatty acids (Table 3) . High amounts of both branched and monounsaturated fatty acids were present in clusters 2 and 3, whereas high quantities of monounsaturated fatty acids and low percentages of From the above discussion, it is understood that branched and monounsaturated fatty acids are characteristic of anaerobic and aerobic bacteria, respectively, and hence the ratios will provide the relative dominance of these bacterial groups. A ratio less than 1 will indicate the dominance of anaerobic bacteria, and a ratio above 1 will indicate the predominance of aerobic bacteria. These ratios in the study area varied from 0.32 to 1.74 (Table 5 ). Stations in cluster 4 (HO-4 and HO-4a) and cluster 6 (0-6) had higher percentages of monounsaturated fatty acids than of branched fatty acids (Table 3) , and the ratios were also higher than 1.34.
The lowest ratios observed at stations HO-23 and HO-24 indicated the dominance of anaerobic bacteria. Similarly, the sum of iso and anteiso fatty acids of 15:0 to 16:0 will give an indication of the proportions of the bacteria in sediments (26) . These ratios ranged from 0.44 to 1. rial signatures in the study area. The PLFA profiles provide not only information on the bacterial biomass and community structure but also information on the metabolic status of the microorganisms. The presence of trans fatty acids has been associated with the physiological status of the microorganisms (17, 18, 19, 29) , and cis isomers of monounsaturated fatty acids are commonly present in microbes (19) . The ratios of trans to cis fatty acids in most bacterial and sediment samples were found to be less than 0.1 (14, 17, 29, 32) , but the ratio was greater than 1 during starvation (26) . In the present study area, the translcis ratio of fatty acid 16: 1d9 in sediments ranged from 0.1 to 0.2, suggesting that microbes are likely to be exposed to some physiological stress.
The results of Tukey's honestly significant difference test provide additional information on the difference between the PLFA profiles of the sediments of the CA and those of the OA. In the OA, the saturated fatty acids are present in large percentages, whereas in the CA, branched and monounsaturated fatty acids are present in large percentages (Table 5) . Although the long-chain fatty acids are present in low percentages, that fatty acid 24:0 is present in significant percentages in the coastal sediments indicates the terrestrial input. The presence of a significantly large number of fatty acids in the CA suggests that the microbial community is dominated by prokaryotes and is contributed to by anaerobic bacteria, which is different from the situation in the OA.
PLFA profiles of the sediment in the range of C12 to C19 and significantly low percentages of fatty acid markers (polyunsaturated fatty acids) for eukaryotic organisms and long-chain fatty acids suggest that the PLFA determined in the sediments are predominantly bacterial in origin. The PLFA profiles of the present study area are notably different from the reported results of PLFA in sediments of other studies. Significant amounts of polyunsaturated fatty acids were reported in deep-sea and estuarine sediments (1, 2), marine sediments (32) , and intertidal sediments (40) . PLFA profiles in sediments of an Antarctic lake system showed that polyunsaturated fatty acids were present at a significant level (26) . As described earlier, the observed PLFA profile with high amounts of bacterial biomarkers and considerably low amounts of polyenoic fatty acids longer than 19 carbon atoms could be attributed to the existing pollution and environmental conditions, and these patterns also suggest that the PLFA analysis could be a useful tool in assessing the pollution. Similarly, the reported absence of polyunsaturated fatty acids in the contaminated sediments (36) also supports the observations of the present study.
The above data indicate that analysis of PLFA in sediments is a useful additional means for the comparison of microbiota in bay sediments for routine analysis in terms of both biomass and community structure. From the results, the presence of aerobic and anaerobic bacteria and of SRB in the study area was understandable. One of the characteristic features of the results of the present study has been the relatively very low percentages of both polyunsaturated fatty acids and long-chain fatty acids in sediments, indicating that the source of these fatty acids is extremely limited, possibly because of the existing pollution and the reduced oxygen conditions in the bays.
